Summary -Morphological identification of spiral nematodes of the genus Helicotylenchus is a difficult task because most characters used for their diagnosis vary within species. In this paper we provide morphological and molecular characterisations of several spiral nematodes, H. broadbalkiensis, H. digonicus, H. dihystera, H. microlobus, H. paxilli and H. pseudorobustus, collected in different geographical areas of USA, Switzerland, Italy, New Zealand, Spain, UK, South Korea and Russia. We suggest that H. microlobus and H. pseudorobustus are valid species separated from each other morphologically and molecularly. Seven species with distinct molecular characteristics are also distinguished, but are not ascribed morphologically to any specific taxon because of the low number of specimens available. Phylogenetic relationships of H. pseudorobustus with other Helicotylenchus species are given as inferred from the analyses of 154 sequences of the D2-D3 of 28S rRNA gene and 37 sequences of ITS rRNA gene.
comitantly infected by other pathogens or adversely affected by nutrient or water imbalance (Fortuner, 1984 (Fortuner, , 1985 Ma et al., 1994; Davis et al., 2004) .
Since Sher (1966) redescribed H. pseudorobustus from topotypes, many populations of this species have been incorrectly identified in various countries (Fortuner et al., 1981 . Identification of H. pseudorobustus populations and related species is a difficult, if not impossible, process, because most characters used for their diagnosis appear to vary within species (Fortuner, 1984) . Their discrimination is complicated by their phenotypic plasticity (intraspecific variability and minor interspecific differences) leading to potential mis-identification. As a result, taxonomic difficulties often arise from under-or over-estimation of intraspecific variability of certain morphological characters that are currently used for species diagnosis. The existence in Helicotylenchus and other genera of plant-parasitic nematodes of species complexes, which are morphologically almost indistinguishable but may be phylogenetically distant from one another, has been revealed by molecular studies and complicates the identification of these nematodes (Oliveira et al., 2006; Gutiérrez-Gutiérrez et al., 2010; Cantalapiedra-Navarrete et al., 2013) . In recent years, sequences of nuclear ribosomal RNA gene (rRNA) have been used for molecular characterisation and reconstruction of phylogenetic relationships within the Hoplolaimidae and especially within Helicotylenchus (Subbotin et al., 2007 (Subbotin et al., , 2011 Bae et al., 2009; Holterman et al., 2009 ).
An attempt to discriminate populations of putative H. pseudorobustus from a large number of populations of related species was made by Subbotin et al. (2011) who analysed sequences of the D2-D3 expansion segments of 28S rRNA gene from 54 Helicotylenchus isolates. Nine highly or moderately supported major clades were distinguished by these authors within the genus, including a well-supported clade I containing populations tentatively identified as H. pseudorobustus. However, the populations of this species were not unambiguously identified and were assembled in groups of four different types: 'A', 'B', 'C' and 'D', suggesting that the populations in this complex were representatives of different species. The unresolved characterisation of H. pseudorobustus populations in that study emphasised the need to obtain morphological and molecular data of topotype specimens of H. pseudorobustus from Switzerland to be used in diagnostic works for comparison with those of other populations of this species from distant geographical areas. In order to reach this objective a study was conducted to determine: i) integrative morphological, morphometric and molecular characteristics of H. pseudorobustus from the type and other localities; ii) morphological and molecular features of other species closely related to H. pseudorobustus; and iii) phylogenetic relationships of H. pseudorobustus with other Helicotylenchus species using the D2-D3 of 28S rRNA and ITS of rRNA gene sequences.
Materials and methods

NEMATODE POPULATIONS
Nematode populations used in this study were collected from geographically diverse locations (Table 1) . Three Helicotylenchus species were obtained from the type localities, viz., H. pseudorobustus, H. paxilli Yuen, 1964 and H. depressus Yeates, 1967 . Additional information about the collection sites of H. pseudorobustus populations not reported in Table 1 include the GPS coordinates of these sites within a radius of 2 km in the Altmatt region, Switzerland, which were: i) 47°07 43.9 N latitude, 08°41 58.0 E longitude; ii) 47°07 56.7 N latitude, 08°41 31.4 E longitude; and iii) 47°07 41.4 N latitude, 08°42 24.0 E longitude. The H. pseudorobustus specimens from the type locality were used for both morphological and molecular analyses. The topotype specimens of H. paxilli and H. depressus were used only for molecular study after verifying that their morphology was congruent with that of the original description. Samples of H. dihystera from Florida (CD359) and H. microlobus from China (718) and California (CD599) were included for integrative morphological and molecular comparisons.
MORPHOLOGICAL STUDY
Nematode specimens from the soil samples were extracted using the centrifugal-flotation method (Coolen, 1979) . Specimens were fixed in hot TAF (no more than 70°C) or 4% formaldehyde + 1% propionic acid. Adult specimens of each sample were processed to glycerin (Seinhorst, 1962 (Seinhorst, , 1966 and mounted on glass slides for species identification. Nematode specimens were examined, measured and photographed in two laboratories (IAS-CSIC, Spain and CDFA, USA) using compound microscopes Zeiss III compound microscope or Olympus BX51, respectively, equipped with a Nomarski differential interference contrast. Slides with topotype specimens were deposited in the nematode collections of IAS-CSIC, Spain, and the Julius Kühn-Institut, Germany.
Species delimitation of some Helicotylenchus in this and the previous study (Subbotin et al., 2011) was under- taken using an integrated approach that considered morphological and morphometric evaluation combined with molecular based phylogenetic inference (tree-based methods) and sequence analyses (genetic distance methods) (Sites & Marshall, 2004) . Clade numbers on a phylogenetic tree were used for specific coding of unidentified species.
DNA EXTRACTION, PCR AND SEQUENCING For molecular analyses, DNA was extracted from several specimens of each population using the proteinase K protocol (Tanha Maafi et al., 2003) . DNA extraction, PCR and cloning protocols were as described by Tanha Maafi et al. (2003) . The forward D2A (5 -ACA AGT ACC GTG AGG GAA AGT TG-3 ) and the reverse D3B (5 -TCG GAA GGA ACC AGC TAC TA-3 ) primers (Subbotin et al., 2007) and the forward TW81 (5 -GTT TCC GTA GGT GAA CCT GC-3 ) and the reserve AB28 (5 -ATA TGC TTA AGT TCA GCG GGT-3 ) (Tanha Maafi et al., 2003) were used for amplification of the fragment of D2-D3 regions of the 28S rRNA and the ITS of rRNA genes, respectively. PCR products of some samples were purified using QIAquick (Qiagen) gel extraction kits and then cloned using pGEM-T Vector System II kit (Promega). Sequences were obtained directly from PCR products or from one or more clones. The newly obtained sequences were submitted to the GenBank database under accession numbers (KM506792-KM506886) as indicated in Table 1 .
PHYLOGENETIC ANALYSIS
The newly obtained sequences for D2-D3 of 28S rRNA and ITS rRNA were aligned using ClustalX 1.83 (Thompson et al., 1997) with default parameters with their corresponding published gene sequences (De Ley et al., 2005; Chen et al., 2006; Subbotin et al., 2007 Subbotin et al., , 2011 Zhao et al., 2010; Pang et al., unpubl.) . Outgroups for each dataset were selected as proposed in the previous study (Subbotin et al., 2011) . Sequence datasets were analysed with Bayesian inference (BI) using MrBayes 3.1.2 (Huelsenbeck & Ronquist, 2001 ) under the GTR + G + I model. BI analysis for each gene was initiated with a random starting tree and was run with four chains for 1 × 10 6 generations. The Markov chains were sampled at intervals of 100 generations. Two runs were performed for each analysis. The log-likelihood values of the sample points stabilised after approximately 1000 generations. After discarding burn-in samples and evaluating convergence, the remaining samples were retained for further analysis. The topologies were used to generate a 50% majority rule consensus tree. Posterior probabilities (PP) are given on appropriate clades. Sequence analyses of alignments were performed with PAUP * 4b10 (Swofford, 2003) . Pairwise divergences between taxa were computed as absolute distance values and as percentage mean distance values based on whole alignment, with adjustment for missing data.
Results
Within the pool of spiral nematodes studied, seven valid Helicotylenchus species were distinguished by integrating the results of their morphological and molecular analyses. The remaining populations were considered representatives of seven undetermined taxa since these populations did not contain sufficient number of specimens for their morphological identification and determination of their taxonomic status. were observed in equal proportion. Tail longer than anal body diam., dorsally convex-conoid, usually distinctly annulated and bearing 5-10 ventral annuli, with pronounced ventral projection usually rounded terminally and lacking a mucro.
Male
Not found.
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REMARKS
The congruency of the molecular features of the populations studied with those of the topotype populations from Switzerland validates their identification as representatives of H. pseudorobustus. Morphometrics of H. pseudorobustus populations from New Zealand and USA were similar to those of topotype specimens from Switzerland and other populations from the same locality in New Zealand as published previously by Yeates & Wouts (1992) . The mean tail length of the topotype specimens was greater (17.9 μm) than that (15.9 μm) reported by Fortuner et al. (1984) , confirming the morphological variability observed by these authors in topotype specimens of this species. Tail annuli number 12.9 ± 1.8 (9) (10) (11) (12) (13) (14) 12.5 ± 1.5 (10-15)
Helicotylenchus microlobus Perry in
10.5 ± 1.9 (8-13)
11.8 ± 1.6 (9-14) 12.5 ± 1.7 (10-15) 11 ± 2 (8-14)
Phasmid position 7.9 ± 0.9 (7-9)
6.6 ± 1.3 (5-9)
6.0 ± 0.9 (5-7)
7.7 ± 1.6 (5-10)
4.7 ± 0.8 (4-6) - * Measured at vulval region. Siddiqi (1972) recognised both species as valid and proposed several characteristics to differentiate them (viz., lateral field not areolated on the tail, inner incisures of the lateral field fused distally for about two annuli in a Y-shaped configuration, phasmids situated consistently at or close to the inner ventral incisures, and tail projection not annulated or marked by lines). Sauer & Winoto (1975) , Fortuner et al. (1984) and Firoza & Maqbool (1994) accepted the synonymisation proposed by Sher (1966) because of the morphological variability observed in populations of H. pseudorobustus from different origins, but Krall (1978) and Siddiqi (2000) listed H. microlobus as a valid species. Taking into consideration the results of our integrative morphological and molecular analyses of the American and European populations previously identified as H. pseudorobustus type B or other species, we consider these populations as representatives of H. microlobus rather than H. pseudorobustus or another taxon. Our data clearly indicates that these two species are valid and morphologically and molecularly different. Our decision is supported by the results of multivariate analysis of 41 populations of Helicotylenchus species, including H. microlobus topotypes published by Fortuner et al. (1984) , which showed that H. microlobus topotypes clustered separately from H. pseudorobustus. Both the Amer- 6.8 ± 1.0 (6-8)
6.3 ± 0.6 (6-7) * Measured at vulval region. ican and European populations of H. microlobus identified in our study had an overall number of ventral tail annuli for the populations studied ranging from five to 13. This range was smaller than the average number of 14 reported for the paratypes but within the range of those reported by Siddiqi (1972) . It should be pointed out that the H. microlobus paratypes described by Perry et al. (1959) have the stylet knobs flattened anteriorly, whereas in our populations they were rounded. The populations of H. microlobus that we examined differed morphologically from H. pseudorobustus in having the inner incisures of the lateral field fused in a Y-shaped pattern vs U-, J-or Mshaped in H. pseudorobustus and also had lower cumulative means of the anal diam. which ranged from 12.7 to 14.4 vs 15.7 to 16.4 μm in H. pseudorobustus. However, the anal body diam. of California population (CD 740) did not differ from that of H. pseudorobustus. In this study, we cannot consider the identification of the H. microlobus populations definitive because of a lack of DNA sequences from topotype specimens of this species.
Helicotylenchus paxilli Yuen, 1964 (Figs 3C; 5K-T; 7)
MEASUREMENTS See Table 5 .
Female
Body in spiral and open C-shape in 93% and 7% of the examined specimens, respectively, when heat-relaxed. Lip region hemispherical with 4-6 annuli and separated from body by a slight depression. Stylet robust, knobs slightly indented anteriorly. Hemizonid 3-4 annuli long, located 1-4 annuli anterior to excretory pore. Pharyngeal gland overlapping intestine ventrally. Anterior and posterior genital tracts similar in length at 157 ± 20 (131-193) and 157 ± 32 (121-228) μm. OV1 and OV2 also similar (25 ± (21-29) and 25 ± (19-31) μm). Spermatheca rounded (11 μm long, 12 μm diam.), empty, with a large cavity in centre and seen in 70% of examined specimens, off-set (65%) or in-line (34%) in specimens examined which had a visible spermatheca. Phasmids 1.3 ± 0.3 (1.0-1.8) μm in diam., located from two annuli posterior to 12 annuli anterior to anus level. Termination of inner two lines of lateral field on tail variable, usually joining in a Y-(72%), V-(25%), U-(2%) or M-(1%) shaped pattern. The Y-and U-shaped patterns were the most common in paratypes of this species (Yuen, 1964) . Tail longer than anal body diam., bearing 4-13 annuli (0.5-1.5 μm wide). Tail digitate with pronounced ventral projection usually rounded terminally with mucro in 66% of examined specimens. Ventral tail projection with surface smooth in 83% of examined specimens and with greatest curvature on dorsal contour. One or two coarse annuli (1.9-2.2 μm wide), as compared to other body annuli (0.5 μm wide), observed on ventral tail projection in remaining 17% of specimens.
Male
REMARKS
Morphological and morphometric characters of Helicotylenchus populations from Florida matched those previously reported in the original description of H. paxilli by Yuen (1964) from the UK, and Wouts & Yeates (1994) from New Zealand. The congruence of the DNA sequences of these populations from Florida and another from California with those of the H. paxilli topotypes from the UK provided further evidence that these populations were representatives of H. paxilli. Morphology and morphometrics of H. paxilli topotypes and Florida populations coincided with those in the original description and also with those of type specimens of H. amplius Anderson & Eveleigh, 1982 from Canada (Anderson & Eveleigh, 1982 ) and a population from the Aleutian Islands (Bernard, 1984) , suggesting that H. amplius may be a junior synonym of H. paxilli. However, DNA sequences of topotype populations of H. amplius are needed to support this synonymy. A report of the occurrence of H. amplius from Florida (O'Bannon, 1988) needs confirmation. There is also a report of the detection of H. paxilli in Florida (Lehman, 2002) . This species, which was considered uncommon in the state, has very probably been confused with H. pseudorobustus for decades. Table 5 .
Helicotylenchus digonicus Perry in
Female
Body in open C-to spiral-shape when relaxed. Lip region truncate with 4-5 annuli. Cephalic framework well sclerotised, extending into body for 2-3 annuli. Stylet knobs rounded or slightly indented anteriorly. Hemizonid two or three annuli long, located one or two annuli anterior to excretory pore. Phasmids at anus level or two annuli anterior to anus. Inner and outer incisures of lateral field closed at termination on tail, joining in a U-shaped pattern. Tail longer than anal body diam., curved dorsally, bearing 8-15 ventral annuli. Tail terminus variable, without distinct annulation, sometimes with a short ventral projection, fasciculi absent.
Male
REMARKS
The DNA sequences of a spiral nematode population from Kansas, identified in the present study as H. digonicus, matched those for several samples previously identified by Subbotin et al. (2011) as H. digonicus type B, H. pseudorobustus type C and type D, H. leiocephalus, H. platyurus, Helicotylenchus spI-5 . In spite of the fact that there are no morphological data supporting the molecular congruity of these populations with the H. digonicus population from Kansas, we consider all as representatives of H. digonicus. Characters of the Kansas population of H. digonicus were generally similar to those published by Sher (1966) , Anderson (1974) and Wouts & Yeates (1994) . Previously identified H. digonicus samples under letter codes C and A (Subbotin et al., 2011) are regarded here as unidentified species. Since no DNA sequences of topotype specimens of H. digonicus are available, our characterisation of this species is not definitive.
Helicotylenchus broadbalkiensis Yuen, 1964
(Figs 2K-L; 3D; 5A-E) MEASUREMENTS See Table 5 .
Female
Body shape a closed spiral when heat-relaxed. Lip region conoid-truncate, bearing 4-6 annuli. Cephalic framework well sclerotised, extending 3-4 annuli into body. Stylet well developed, knobs with anterior surface slightly indented/concave. Hemizonid one or two annuli long, located immediately anterior to excretory pore. Pharyngeal gland overlapping intestine ventrally or ventrolaterally. Pharyngo-intestinal junction often situated anterior to excretory pore, rarely posterior. Reproductive system with two branches equally developed, spermatheca absent. Tail conoid with curvature on dorsal side and tapering to a point ventrally, but flattening somewhat distally. Fasciculi absent. Phasmids from two annuli posterior to seven annuli anterior to anus level.
Male
REMARKS
After examining paratypes of H. broadbalkiensis and H. digonicus, Sher (1966) synonymised H. broadbalkiensis with H. digonicus, although he noticed a slight difference in lip region shape, which was not considered sufficient for species differentiation. The synonymy was accepted by Krall (1978) , Siddiqi (2000) and other authors. Helicotylenchus specimens obtained from samples from Spain and California (previously identified by Subbotin et al. (2011) as Helicotylenchus spI-9) fit well with the description of H. broadbalkiensis and differ from H. digonicus by massive and slightly concave anteriorly projecting stylet knobs, and tail shape variation. In this study we tentatively identify these samples as H. broadbalkiensis. However, this identification should be confirmed by molecular comparison with topotype specimens.
MOLECULAR CHARACTERISATION OF Helicotylenchus pseudorobustus AND ITS PHYLOGENETIC RELATIONSHIPS WITH OTHER SPECIES
The D2-D3 of 28S rRNA gene sequence alignment was 599 bp in length and contained 154 sequences of Helicotylenchus and two sequences of Hoplolaimus used as outgroup taxa. Sixty-one sequences were newly obtained in the present study. The sequences from the topotype H. pseudorobustus samples clustered with samples previously named by Subbotin et al. (2011) as H. pseudorobustus type A, and thus confirmed the status of these samples as belonging to H. pseudorobustus sensu stricto, including isolates from Germany, New Zealand and the USA. Intraspecific D2-D3 of 28S rRNA gene sequence variation for H. pseudorobustus populations varied from 0.0-0.7% (0-4 bp), for H. microlobus -0.0-1.2% (0-7 bp), for H. paxilli -0.0-0.5% (0-4 bp), for H. digonicus -0.0-2.4% (0-14 bp), for H. broadbalkiensis -0.5-1.6% (3-9 bp) and for H. dihystera -0.0-2.3% (0-13 bp). Phylogenetic relationships between Helicotylenchus species are given in Figure 9A , B. Eleven, mainly moderately and highly supported, major clades can be distinguished within the species studied.
The ITS of rRNA gene sequence alignment was 1058 bp in length and contained 37 sequences of Helicotylenchus. Thirty-four sequences were newly obtained in the present study. Intraspecific ITS sequence variation for H. pseudorobustus sensu stricto populations varied from 0.0-0.6% (0-5 bp), for H. broadbalkiensis -1.2-1.5% (12-14 bp), for H. paxilli -0.3-1.5% (3-15 bp), for H. microlobus -0.0-5.9% (0-57 bp) and for H. dihystera -0.3-2.6% (3-26 bp). Phylogenetic relationships between Helicotylenchus species are given in Figure 10 . Seven highly supported major clades can be distinguished within the six studied species, including H. dihystera selected as an outgroup. Helicotylenchus microlobus samples were distributed into two subclades.
Discussion
CONGRUENCE OF MORPHOLOGICAL AND MOLECULAR DIFFERENTIATION
In the design of this investigation we used an integrated approach with morphological and molecular datasets for the delimitation of some species that are morphologically and genetically similar to H. pseudorobustus. Morphological and molecular studies of H. pseudorobustus populations have previously been published by Fortuner et al. (1984) and Subbotin et al. (2011 ), respectively. Fortuner et al. (1984 conducted multivariate analyses on 28 populations of H. pseudorobustus, 11 populations of H. dihystera, and type populations of H. microlobus, H. bradys Thorne & Malek, 1968 , H. phalerus Anderson, 1974 , H. egyptiensis Tarjan, 1964 and H. africanus (Micoletzky, 1916 Andrássy, 1958 . Some morphological differences in the pattern of junction of the inner lines of lateral field on tail, the position of the phasmids and the dorsal gland opening were observed among the populations of H. pseudorobustus. The analyses separated three Fig. 9 . A, B: Phylogenetic relationships of Helicotylenchus species and populations: Bayesian 50% majority rule consensus tree from two runs as inferred from analysis of the D2-D3 of 28S rRNA gene sequence alignment under the GTR + I + G model. Posterior probabilities equal to or more than 70% are given for appropriate clades. New sequences are indicated by bold font. groups of samples among the samples studied: i) a 'pseudorobustus' group containing the topotype sample, mostly European populations, and populations from Africa and New Zealand, was characterised by stylet length of 26.0-27.0 μm, ratio V = 61, L = 700-750 μm, DGO at 9 μm, phasmids 7-8 annuli anterior to anus, inner lines of lateral field joining mostly in a U-shape (but Y-shape was also present), areolations on body/tail in some specimens and tail always ending in a ventral projection of variable length; ii) a 'microlobus' group including the paratypes of H. microlobus, H. bradys, H. phalerus and the North American populations of H. pseudorobustus, and differing from the first group mostly in the phasmids being closer to the anus (four annuli), DGO further from the stylet (11 μm), and the junction of the inner lines always Y-shaped; and iii) a H. dihystera group, clearly separated from the first two by shorter stylet of 24.0-26.5 μm, more posterior vulva (V = 62.5-65.0), often shorter body of 600-750 μm, DGO sometimes more posterior at 10-15 μm, junction of the inner lines of the lateral field always Y-shaped and the tail with or without a ventral projection. Fortuner et al. (1984) did not propose the microlobus group as a valid taxon as some samples from Europe, California and Venezuela were intermediate between the microlobus and pseudorobustus groups, and also because of the general variability of the characters.
Instead, these authors accepted it as a geographical variant of H. pseudorobustus and noted that morphological differences were too slight to warrant the creation of a subspecies. The results of the present molecular analysis of partial 28S rRNA and ITS rRNA gene sequences clearly distinguished H. pseudorobustus from H. microlobus and H. dihystera, and all three from each other, and thus might be congruent with the results of the multivariate analyses presented by Fortuner et al. (1984; their Fig. 3) .
In this study, using molecular datasets, we tried to use a tree-based method and sequence analysis for species delimiting of Helicotylenchus. This approach is not always straightforward and might give ambiguous results, because the delimiting results depend on thresholds for intra-and inter-specific sequence divergences. It has been shown by several studies that for some well-defined species the rRNA gene sequences might not form a distinct clade in the best tree but instead be distributed among several clades with intra-specific sequence divergences reaching several percentage points. In this study, involving a geographically wide range of samples, we proposed tentative species delimitation which should be tested further using other independent datasets.
As a concluding remark, we would like to add that this study has confirmed the wide distribution in different continents of species that were considered junior synonyms Fig. 10 . Phylogenetic relationships of Helicotylenchus pseudorobustus and closely related species: Bayesian 50% majority rule consensus tree from two runs as inferred from analysis of the ITS rRNA gene sequence alignment under the GTR + I + G model. Posterior probabilities equal to or more than 70% are given for appropriate clades. New sequences are indicated by bold font. of H. pseudorobustus and H. digonicus, such as H. microlobus and H. broadbalkiensis, respectively. The confirmation of the occurrence of H. paxilli in Florida has economic relevance since this species is a parasite of turf grasses and has been implicated in turf grass decline under the incorrect name of H. pseudorobustus (Crow et al., 2013) .
